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Nitric oxide signaling in the 
vessel wall
Nitric oxide (NO) is endogenously pro-
duced by the enzyme endothelial NO 
synthase (eNOS) and diffuses from the 
endothelium to the smooth muscles, 
where it relaxes the smooth muscles and 
regulates vascular tone, blood pressure, 
and tissue perfusion. In response to fluc-
tuations in oxygen tension, arterioles pos-
sess the ability to modulate vasomotor 
tone through changes in NO signaling. In 
the vascular wall, diffusion of NO from 
endothelium to smooth muscles is in part 
controlled by chemical reactions with 
α-globin coupled with eNOS. In a reduced 
state, α-globin binds and reacts with and 
oxidizes NO in a near-diffusion–limited 
reaction to form nitrate, thus controlling 
NO levels. As a result, α-globin reduces 

the vasodilatory actions of NO on smooth 
muscles, thus preserving vascular tone. 
However, in the erythrocyte, α-globin is 
known to be unstable as a monomer and 
requires binding to β-globin or to the 
chaperone α-globin–stabilizing protein 
(AHSP). A role for AHSP in the endothe-
lium, where α-globin, and not β-globin, is 
expressed, has not been studied. In this 
issue of the JCI, Lechauve et al. (1) sug-
gest an essential role of AHSP as a critical 
chaperone for α-globin expression and 
vasoregulatory activity in endothelium.

Toning down endothelial cell 
NO signaling by α-globin
Hemoglobin A (HbA), traditionally regard-
ed as the oxygen transporter in RBC, is 
composed of two α-globin and two β-globin  
proteins, with a coordinated heme iron in 

all globin proteins (four per HbA tetram-
er) that reversibly binds oxygen. It has 
long been considered that hemoglobin 
expression is exclusive to RBC; howev-
er, accumulating evidence continues to 
demonstrate that α-globin and β-globin 
are expressed outside of RBC in somatic 
cells such as neurons, endothelium, and 
epithelium (2–5). Accumulating evidence 
shows that somatic α-globin and β-globin  
expression is low compared with that in 
RBC and probably does not function in 
canonical oxygen storage or transport. 
Indeed, a number of nonerythrocyte glo-
bins, including cytoglobin, neuroglobin, 
globin X, and androglobin, are expressed 
at low concentrations in somatic cells. 
These highly conserved globin proteins 
are thought to evolve as oxygen sensors, 
nitrite reductases, and enzymatic scaven-
gers of NO (6–9).

In the vascular wall, NO regulates 
a plethora of cardioprotective actions 
including regulation of the arterial vascu-
lar tone needed to control blood pressure 
and flow (10). Recently, expression of 
α-globin, but not β-globin, was discovered 
in arteriolar endothelium, concentrated 
at the myoendothelial junction (MEJ), a 
specialized cellular projection that adjoins 
endothelium and smooth muscle (3). In 
response to vasoconstriction and signals 
that arise from vascular smooth muscle, 
eNOS is activated at the MEJ to synthe-
size NO (11, 12). Released NO diffuses to 
vascular smooth muscles and activates 
soluble guanylyl cyclase to generate cyclic 
guanosine monophosphate (cGMP) need-
ed to modulate vasoconstriction. To effec-
tively balance this physiological process, 
α-globin serves as the rheostat to control 
NO diffusion (11). Toward this end, α-glo-
bin binds eNOS and uses its oxygenated, 
reduced heme iron (Fe2+) to react with and 
enzymatically degrade NO via the follow-
ing deoxygenation reaction: reduced oxy-
genated α-globin (Fe2+ – O2) + NO → ferric 
oxidized α-globin (Fe3+) + NO3
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In the vascular wall, endothelial nitric oxide synthase (eNOS) produces 
NO to regulate peripheral vascular resistance, tissue perfusion, and blood 
pressure. In resistance arteries, eNOS couples with α-globin and, through 
chemical reactions, modulates NO diffusion needed for vascular smooth 
muscle relaxation. While α-globin protein alone is known to be unstable, the 
mechanisms that enable α-globin protein expression remain elusive. Here, 
Lechauve et al. report that arterial endothelium expresses α hemoglobin–
stabilizing protein, which acts as a critical chaperone protein for α-globin 
expression and vascular function.
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reduced form of α-globin is required for 
oxygen binding and inhibitory NO deoxy-
genation reactions. Knockdown of Cyb5R3 
in endothelium of isolated thoracodorsal 
arteries resulted in blunted vasoconstric-
tion due to a proposed increase in NO 
concentration (3). Subsequent studies 
demonstrated that acute pharmacological 
inhibition of Cyb5R3 resulted in lower-
ing of systemic blood pressure in sponta-
neously hypertensive rats and impaired 
responsiveness to infusion of the vasocon-
strictors norepinephrine and angiotensin-2 
(16). These data support a model whereby 
Cyb5R3 expression modulates α-globin 
heme redox cycling to the reduced form 
necessary for NO inactivation reactions. In 
the current study, Lechauve et al. provide 
new evidence using in vitro recombinant 
protein experiments and show that the 
reductase domain of eNOS can also reduce 
α-globin. They suggest that eNOS reduces 
the α-globin–(Fe3+)–AHSP complex faster 
than the previously reported Cyb5R3 or 
the Cyb5R3-Cyb5 system. Although these 
studies are provocative and biochemically 
favor involvement of the eNOS reductase 
domain in reducing α-globin–(Fe3+)–AHSP 
(17), the physiological relevance for this 
mechanism remains uncertain. In the 
endothelium, activation of eNOS by Ca2+/
calmodulin aligns the oxygenase domain 
with the reductase domain and permits 
electron shuttling to heme for l-arginine 
oxidation (18). The current studies exclud-
ed key components of eNOS such as a 
functioning oxygenase domain, the critical 
cofactor calmodulin for reductive activity, 
and the NO substrate l-arginine. Without 
these factors, the eNOS reductase domain 

The authors also include intriguing cell 
culture studies showing that, in addition 
to AHSP, eNOS can also stabilize α-globin 
expression. These data raise several ques-
tions about the physiological sequence of 
events that facilitate the stabilization, posi-
tioning, and coupling of α-globin and eNOS 
at the MEJ to control NO signaling. Previ-
ous work using vascular cell culture to mod-
el the MEJ showed AHSP to be expressed at 
the apical endothelial cell monolayer, but 
not at the MEJ (3). Therefore, if the MEJ is 
the primary site where α-globin controls 
NO diffusion, what is the role of AHSP in 
this regulatory process? One possibility 
is that AHSP serves a role in endotheli-
um that is similar to its role in RBC, where 
AHSP enables folding and heme inser-
tion of α-globin before routing it to eNOS 
for assembly of the α-globin–eNOS com-
plex. Once the α-globin–eNOS complex is 
formed, the stabilized α-globin–eNOS com-
plex is trafficked to the MEJ, where it serves 
to control NO diffusion and signaling. It 
is also possible that oxygen levels could 
modulate eNOS activity, α-globin tertiary 
structure, and α-globin–eNOS coupling. As 
such, further studies are necessary to define 
the sequence of events including whether 
oxygen regulates AHSP-α–globin binding, 
α-globin–eNOS binding, or both.

α-Globin heme redox cycling: 
can eNOS do it all?
Prior work identified that cytochrome 
b5 reductase 3 (Cyb5R3), also known as 
methemoglobin reductase, serves as the 
primary reductase controlling heme iron 
redox cycling (Fe3+ → Fe2+) of α-globin, as 
well as other nonerythroid globins (3). The 

Genetic knockdown of α-globin or dis-
ruption of the α-globin–eNOS complex using 
a peptide mimetic increases NO signaling, 
promoting vasodilation and lowering blood 
pressure (3, 13, 14). A challenge to this signal-
ing paradigm is that α-globin alone is unsta-
ble and cytotoxic, particularly in its oxidized 
state (Fe3+), which forms via dioxygenation 
(15). In this issue of the JCI, Lechauve et al. 
provide new evidence demonstrating that 
AHSP and eNOS stabilize α-globin and pro-
mote vasoconstriction (1).

AHSP and eNOS stabilize 
α-globin protein
In RBC precursors, AHSP is a chaperone 
protein that binds nascent α-globin and 
enables its folding and heme insertion 
during hemoglobin heterotetramer assem-
bly with β-globin (15). Previous studies 
revealed that genetic deletion of the AHSP 
gene in RBC results in a modest insuf-
ficiency in hemoglobin heterotetramer 
production (15). Like RBC, endothelial 
cells also express AHSP (3); however, the 
functional role of AHSP in endothelium 
remains obscure. Using AHSP-KO mice, 
Lechauve et al. demonstrated that α-globin 
protein levels are decreased by 70%, lead-
ing to a concomitant attenuation in blood 
pressure and an abrogated response to the 
vasoconstrictor phenylephrine (1). In par-
allel studies, HBA1-KO mice transplant-
ed with WT bone marrow also showed 
decreased blood pressure and blunted 
responses to phenylephrine. Collectively, 
these data provide additional support for 
the fundamental role of AHSP in promot-
ing endothelial α-globin stability, NO sig-
naling, and vascular tone (Figure 1).

Figure 1. Role of AHSP in the regulation of NO. 
(A) In resistance arteries and arterioles, a com-
plex between α-globin, eNOS, and AHSP forms 
to stabilize and regulate NO diffusion from 
endothelium to smooth muscle to control vascu-
lar tone. (B) Loss of AHSP causes a decrease in 
α-globin expression, resulting in a concomitant 
increase in NO diffusion.
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would favor a fully reduced flavin with a low 
redox potential and high reductive capacity 
to reduce the α-globin–(Fe3+)–AHSP com-
plex. It is questionable whether the fully 
reduced flavoproteins FAD or FMN are 
at a sufficiently significant concentration 
to reduce the α-globin–AHSP complex in 
vivo. Further studies are needed to test the 
rate of reduction in the presence of known 
eNOS cofactors and substrates (18, 19).

Outlook and future directions
While biochemical evidence supports the 
localization and conservation of α-globin and 
AHSP in both human and mouse endotheli-
um, it remains to be determined whether this 
mechanism operates in the human microcir-
culation. A recent analysis of α-thalassemia 
in Kenyan adolescents showed no reported 
blood pressure abnormalities, challenging 
the purported roles of α-globin in blood 
pressure control (20). While many complex 
mechanisms may compensate for the blood 
pressure control in these individuals in the 
steady state, it is possible that stress-specific  
conditions may increase endothelial cell 
α-globin expression and modify NO signal-
ing. A recent study showed that in the setting 
of pulmonary hypertension, α-globin expres-
sion increases and may contribute to the low 
NO signaling state routinely observed in pul-
monary arteries (14). In addition, conditions 
that increase the expression of Kruppel-like 
factors (KLFs) such as KLF-2 or KLF-4, 
which are also known to increase α-globin 
expression, may also participate in human 
vascular disease and NO control (21). Col-
lectively, these data continue to highlight the 
importance of α-globin in endothelium and 
a fine-tuned control of NO regulation in the 
arteriolar vascular wall.
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